. In animal models, the major evidence comes from studies using the MT mice. These mice have a targeted mutation at the transmembrane domain of B cell receptor -chain and have defects in B cells and antibody secretion (5), as well as a reduction in T cell and dendritic cell numbers (6). In a mouse cardiac transplant model in which B10.A (H-2 a ) hearts are transplanted into H-2 b MT mouse, acute rejection is prevented. Passive transfer of complement-activating alloantibodies restores acute rejection, suggesting that antibodies can facilitate the development of acute allograft rejection (7).
T cells are essential for allograft rejection, but alloantibodies, whose main targets are MHC molecules, can also contribute to acute and chronic graft rejection (1) . Clinical studies show a correlation between the presence of anti-HLA antibodies, complement C4d deposition, and graft failure (2, 3) . Removal of alloantibodies by i.v. Ig or plasmapheresis or by the depletion of B cells can improve the longevity of transplants (4) . In animal models, the major evidence comes from studies using the MT mice. These mice have a targeted mutation at the transmembrane domain of B cell receptor -chain and have defects in B cells and antibody secretion (5) , as well as a reduction in T cell and dendritic cell numbers (6) . In a mouse cardiac transplant model in which B10.A (H-2 a ) hearts are transplanted into H-2 b MT mouse, acute rejection is prevented. Passive transfer of complement-activating alloantibodies restores acute rejection, suggesting that antibodies can facilitate the development of acute allograft rejection (7) .
Anti-CD154 (CD40 ligand) treatment has been shown to be an effective way of preventing transplant rejection in animal models (8) (9) (10) (11) . It has been proposed that such treatment impairs the maturation of host antigen-presenting cells, generates tolerogenic dendritic cells, promotes T cell anergy (12) and deletion (13) , and induces regulatory T cells (14, 15) . Graft survival can be further enhanced by donor-specific transfusion (DST) (16) , and in the presence of anti-CD154, the infused DST is presented by host antigen-presenting cells in a tolerogenic manner, resulting in T cell anergy and regulation (17) . Blocking CD154-CD40 interaction also prevents the T-dependent humoral responses (18) . As a result, alloantibody production is inhibited (19) , which can also be important for the long-term survival of allografts. However, the detailed mechanism of how alloreactive B cells are regulated by such costimulation-targeted therapies is not clear.
To characterize the fate of alloreactive B cells after tolerance induction by anti-CD154-based therapy, we took advantage of a B cell receptor transgenic mouse, . This mouse inherits the transgenes that encode the heavy and light chain of a B cell receptor that recognizes the mouse class I MHC molecule H-2K b . B cells expressing the transgene can develop normally on the BALB/c background but are efficiently regulated by receptor editing on the C57BL/6 background (21). When the K b antigen is only expressed by the liver hepatocytes, the 3-83 B cells are deleted in the periphery (22) . We used 3-83Igi mice on the BALB/c background as recipients of transplanted C57BL/6 hearts. We then induced tolerance with anti-CD154 and DST. The alloreactive 3-83 B cells are easily detected by an anti-idiotype (Id) antibody (23) , allowing us to visualize changes in these B cells after tolerance induction. The results of our study showed that alloreactive B cells were specifically deleted in the periphery at the mature stage.
Results
Tolerance Induction by Anti-CD154/DST Resulted in Peripheral Deletion of Alloreactive B Cells. We transplanted C57BL/6 hearts into 3-83Igi mice on a BALB/c background and induced tolerance by treating the mice with anti-CD154/DST. All transplanted grafts survived for Ͼ60 days (n ϭ 14). In comparison, mice that received transplant without tolerance induction rejected the grafts within 12 days (n ϭ 6) (Fig. 1A) . For those mice that were not killed by day 60, five of six of the grafts survived Ͼ90 days. Alloreactive IgM was detected on days 7 and 14 in rejecting mice and was significantly inhibited in tolerant mice (Fig. 1B) . IgG from 3-83 B cells were detected in naive 3-83Igi, and there were no significant changes of IgG in the rejecting or tolerant mice compared with naive controls (data not shown).
We observed a substantial loss of mature (IgM low /IgD high ) B cells in the peripheral blood in tolerant mice as early as 1 week after transplant; this loss was maintained for the entire 90-day observation period (Fig. 1C and data not shown) . In comparison, rejecting mice or mice treated with anti-CD154/DST without heart transplant showed a transient drop of mature B cell numbers Ϸ1 or 2 weeks, respectively, but recovered by 1 month after the initial treatment (Fig. 1C) .
Cells were isolated from the lymph nodes, peritoneal cavity, spleen, and bone marrow 2 months after transplant. Compared with naive mice that did not receive a heart transplant and rejecting mice that received the transplant without tolerance induction, tolerant mice showed an almost complete loss of Id-positive B cells in the lymph nodes and peritoneal cavity (Fig.  2) . There was also a significant loss of Id-positive B cells (P Ͻ 0.001) in the spleen, but only a relatively modest loss (P ϭ 0.0223) in the bone marrow. The partial B cell loss in the peritoneal cavity of rejecting mice was probably because of the surgical procedure of transplanting the allogeneic heart into the abdominal cavity. To test whether the B cell depletion is antigen-specific and not due solely to anti-CD154 treatment, K b D b knockout mice, which do not express the K b antigen recognized by 3-83 B cells, were used as heart donors. After transplant and tolerance induction, there was no significant loss of B cells in the lymph node, spleen, or bone marrow (all values of P Ͼ 0.05) (Fig. 2, fourth column) . The B cell numbers in the peritoneal cavity were also comparable with those in rejecting mice (P ϭ 0.3648). These observations indicate that anti-CD154/ DST treatment in the presence of an allograft not expressing specific K b antigen does not cause 3-83 B cell deletion. Thus only antigen-specific alloreactive B cells were deleted after tolerance induction to heart grafts expressing the K b antigen. The loss of 3-83 B cells in tolerant mice occurred only in the mature B cell population. We observed a significant reduction in the percentages of mature B cells (IgD high IgM low ) in the spleen, and of mature recirculating B cells (IgD high B220 high ) in the bone marrow (Fig. 3A) . In contrast, the percentages of immature B cells (IgD low ) in both spleen and bone marrow were not reduced. Immunohistochemistry confirmed a reduction in the size of B cell follicles in the spleens of tolerant mice compared with those of naive 3-83Igi mice (Fig. 3B) . Few B cells were detected in the heart graft, consistent with the notion that the loss of B cells in the lymphoid organs was not because of B cell infiltration into the transplanted graft. To further demonstrate that the loss of mature B cells was not because of the blocking of development from immature/ transitional to mature B cells, we performed a BrdU labeling experiment. A short-term (3-day) labeling showed the same BrdU ϩ percentages (45.5%) in IgD low IgM high immature B cells in both naive and tolerant mice (Fig. 5A) . Only small percentages of IgD high IgM low mature B cells in naive and tolerant mice (1.3 and 4.1%, respectively) were labeled in this short-term treatment. A longer term (10-day) labeling clearly showed a significant increase in the percentage of BrdU ϩ mature B cells in tolerant mice (20.0%) compared with the same population in naive mice (8.7%) (P ϭ 0.0082) (Fig. 5B) . These results indicate that the turnover rate of mature B cells is higher in tolerant mice than in naive ones, whereas the turnover rates of the immature B cells are the same. From this, we conclude that the loss of mature B cells in the tolerant 3-83Igi mice is not because of developmental block but because of cell death at mature stage.
CD4 Depletion Also Resulted in Alloreactive B Cell Deletion After
Transplant. The interaction between CD40 on B cell and CD154 on T helper cells is crucial for B cells activation and differentiation, and this interaction is blocked by anti-CD154 (18) . We hypothesize that the absence of this costimulation signal from T helper cells, in the presence of alloantigen, may be the cause of B cell death. We reasoned that, if this were the case, depletion of T helper cells should achieve the same effect on alloreactive B cells as anti-CD154. We treated 3-83 mice that received C57BL/6 hearts repeatedly with anti-CD4 antibody to deplete CD4 ϩ T cells. One month later, cells were isolated from the lymph node and spleen of mice treated with anti-CD4. Controls were mice that received heart transplant but no anti-CD4 treatment. Complete depletion of CD4 ϩ cells was confirmed by staining cells from lymph node using a different anti-CD4 antibody (Fig. 6A Upper) . CD4 depletion resulted in significant reductions in the percentage of IgM ϩ B cells in the lymph node (P ϭ 0.0018) and IgM low IgD high mature B cells in the spleen (P ϭ 0.0210). Again, there was no significant change in the percentage of IgM high IgD low immature B cells in the spleen (P ϭ 0.3807) (Fig. 6A) . Total cell numbers showed a same pattern of 3-83 B cells deletion in the anti-CD4-depleted and anti-CD154/DSTtreated groups. We observed significant reduction in idiotypepositive B cells in the lymph node and IgD high mature cells in the spleen. In contrast, there was no reduction in the IgD low immature population (Fig. 6B) . These results suggest that the absence of T cell help may be the basis for the peripheral deletion of alloreactive B cells.
Removal of Allograft Led to Partial Recovery of 3-83 B Cells in Tolerant
Mice. Because 3-83 B cells are continually generated from the bone marrow, they must be continually deleted in the periphery. It has been recently reported that antigen binding is required for maintaining the inactive stage of anergic B cells (24) . We therefore tested whether a continual deletion process also requires the presence of allograft. Six weeks after transplantation, heart grafts were surgically removed from the abdominal cavity of tolerant mice. Four weeks later, cells from lymph nodes, peritoneal cavity, and spleen were analyzed. A significant recovery of 3-83 B cells was observed, compared with a control tolerant mouse whose transplanted heart was not removed (Fig.  7A) . The observation that B cell numbers did not fully recover to the level of naive or rejecting mice suggests that some alloantigen might still be present, even after graft removal, to induce B cell deletion. Immunohistochemistry confirmed the partial restoration in the size of B cell follicles in the spleen after graft removal (Fig. 7B) . This observation suggests that antigen 
Discussion
Various strategies have been developed to induce B cell tolerance after transplant. Mixed hematopoietic chimerism has been shown to be able to achieve B cell tolerance through central deletion in the bone marrow (25) . Infants receiving ABOincompatible grafts developed donor-specific B cell tolerance through deletion (26), but it was not clear where or when the deletion occurred. In our current study, the use of 3-83Igi mice allowed us to demonstrate that the induction of transplant tolerance with anti-CD154/DST leads to the antigen-specific peripheral deletion of alloreactive B cells. This loss of 3-83 B cells was measured by anti-Id using 54.1 antibody as well as by K b tetramer staining (data not shown). We also observed an increase of the percentage of Id-negative B cells in the spleen of tolerant mice. This is due mainly to the decrease of Id-positive B cells, because the total numbers of Id-negative spleen B cells remained the same between tolerant and naive 3-83Igi mice. At this time, we cannot rule out the possibility that receptor editing might also be involved after tolerance induction. Another concern is the use of 3-83Igi mice that have high frequency of alloreactive B cells.
It has been reported that self-reactive B cells can be deleted in the periphery. The targeted expression of K b antigen in the liver resulted in normal development of B cells in the bone marrow, but they were deleted in the periphery (22) . The fact that both immature and mature self-reactive B cells were eliminated suggests that deletion occurred at the immature stage, soon after B cells migrated out of the bone marrow and contacted self-antigen. In another report, the expression of K k antigen (also recognized by 3-83 B cells) by the fetus resulted in the profound deletion of the immature 3-83 transgenic B cells and a partial loss of the mature 3-83 B cells (27) . When the K b antigen is expressed only in mouse trophoblast, it caused the deletion of bone marrow B cell subpopulation, including immature and transitional B cells, but not in the spleen (28) . In contrast, in our transplant tolerant model, the deletion of alloreactive B cells induced by anti-CD154 therapy occurred only in the mature B cell subsets, and there was no loss of immature B cells.
It has previously been shown that mature self-reactive 3-83 B cells can be rapidly eliminated when they encounter self-antigen that is constitutively expressed throughout all tissues and when self-reactive T cell help is absent (29) . The notion that T cell help can modulate B cell survival is supported by reports that anergic self-reactive B cells, which usually have a short life span, can be rescued if T cell help is provided (30) . Here, we have extended these findings and demonstrated that alloreactive 3-83 B cells can be deleted on encountering peripheral antigen when treated with anti-CD154. This, together with the CD4 depletion experiment, suggests that the death of alloreactive B cells when contacting alloantigen is caused by the missing of T cell help.
It is puzzling that, in our experiments, we did not observe deletion of immature B cells, which are known to be highly susceptible to antigen-induced cell death (31, 32) . One possibility could be that immature B cells did not contact the alloantigen. Only mature B cells circulate and therefore have a better chance of contacting the alloantigen in the blood or in the graft. It is also possible that only a low dose of alloantigen is present in the blood system and that these antigens are picked up by antigenpresenting cells and delivered to the B cell follicles, where mature B cells locate but immature B cells are not able to enter (33) . Consistent with the notion that the level of antigenmediated signaling determines the basis of B cell tolerance is the observation of the depletion of mature, but not immature, B cells when self-antigen is expressed at a low level (34) . When the self-antigen was present at a high level, virtually all self-reactive B cells are eliminated, primarily or exclusively through receptor editing (35) . In contrast, when tissue-specific self-antigen is sequestered by endothelium and basement membrane, no active B cell tolerance occurs (36) .
Our results reveal that a short course of anti-CD154 treatment (days 0, 7, and 14) can result in long-term (Ͼ90 days) deletion. The half-life of anti-CD154 is reported to be Ϸ10 days (37) . It is unlikely that, 46-76 days after the last anti-CD154 treatment, there are still sufficient antibodies to block the CD154-CD40 interaction between T and B cells. So how is the B cell tolerance maintained long after the anti-CD154 treatment? We know that persistence of the allograft is necessary to maintain B cell depletion. Additionally, the tolerant mice may have developed long-lasting regulatory mechanisms. Indeed, it has been reported that anti-CD154/DST treatment can invoke regulatory T cells, which are critical for the long-term survival of the allograft (14, 15) . It is possible that such induced regulatory T cells suppress alloreactive helper T cell function. This possibility is supported by reports that CD4 ϩ CD25 ϩ regulatory T cells can suppress helper T cells (38, 39) , resulting in inhibition of T-dependent B cell function. It has also been reported that regulatory T cells can directly suppress B cells independently of the suppression of helper T cells (40) . Another possibility is that the tolerogenic dendritic cells, generated as a result of anti-CD154 treatment, can deliver a death signal directly to B cells. Further studies are ongoing to characterize the detailed mechanism of maintaining long-term peripheral B cell tolerance induced by costimulation blockade.
In summary, the sustained deletion of mature alloreactive B cells on persistent encounter with alloantigen in the periphery in the absence of T cell help illustrates the unique susceptibility of this subset of B cells, over the immature subset, in the transplantation tolerance setting. The reduction of the alloreactive B cell repertoire may facilitate the development of a more stringent state of immunoregulatory tolerance, similar to what has been suggested for alloreactive T cells (41) . Finally, these observations emphasize the complexity of B cell tolerance mechanisms in the periphery, whereby a B cell-extrinsic mechanism of tolerance, namely the inhibition of T cell help, can manifest in a B cell-intrinsic mechanism of tolerance involving the depletion of mature alloreactive B cells.
Materials and Methods
Mice. The 3-83Igi mice on BALB/c background have been previously described (21) and were a generous gift from Dr. Roberta Pelanda (Department of Immunology, National Jewish Medical and Research Center and University of Colorado Health Sciences Center, Denver, CO). BALB/c mice were purchased from National Cancer Institute (Frederick, MD), and C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME). K b D b knockout mice (on C57BL/6 background) were kindly provided by Dr. Chyung-Ru Wang (Department of Pathology, University of Chicago). All mice were maintained in pathogen-free conditions in the animal facilities of University of Chicago following Institutional Animal Care and Use Committee guidelines.
Surgical Procedures. Cardiac allografts were transplanted into the abdominal cavity by end-to-side anastomosing of the aorta and pulmonary artery of the graft to the recipient's aorta and vena cava, respectively. Graft removal was performed 6 weeks after the initial transplant.
Tolerance Induction. Mice received Ϸ20 million total donor spleen cells on the day of transplant. In addition, they were treated with three doses of 1 mg of anti-CD154 (MR1) (i.v. on day 0; i.p. on days 7 and 14).
Analysis of Donor-Reactive Alloantibody Titers. Donor-reactive antibodies were determined by flow cytometry. Sera (1:10 diluted) were incubated with C57BL/6 lymph node cells for 1 h. Cells were washed and incubated with goat anti-mouse IgMphycoerythrin, anti-IgG-FITC (Southern Biotechnology, Birmingham, AL), and anti-CD19-peridinin chlorophyll proteinCy5.5 (1D3) (BD Pharmingen, San Diego, CA). The mean channel fluorescence of the CD19 Ϫ population from the lymphoid gate was determined by flow cytometry. Immunohistochemistry. Spleens and heart grafts were removed, embedded with OCT (Tissue-Tek; Miles, Elkhart, IN), and immediately frozen in liquid nitrogen. Tissue sections (6 m) were stained with rat anti-IgM (R4-22) (BD Pharmingen) or 54.1 (anti-Id). The sections were then incubated with biotinylated goat anti-rat IgG (BD Pharmingen), followed by HRPconjugated streptavidin (Zymed, San Francisco, CA). Immunostainings were developed with the chromogen 3,3Ј-diaminobenzidine and counterstained with Mayer's hematoxylin. BrdU Labeling. Naive or tolerant 3-83Igi mice (60 days after transplant) were treated with BrdU (1 mg per mouse each day, i.p.) for 3 days (short-term labeling) or 10 days (long-term labeling). Spleen cells were isolated and analyzed for BrdU labeling by using the BrdU flow kit (BD Pharmingen). CD4 in Vivo Depletion. A total of 0.2 mg of anti-CD4 (GK1.5) was given to recipient mice (i.v.) on days Ϫ1 and 0 of transplant. The mice were then given the same dose of antibody weekly for a month, whereupon they were killed for analysis.
Statistical Analysis. Statistical significance was determined by t test using the Prism program (Graph Pad, San Diego, CA). A value of P Ͻ 0.05 was considered to be statistically significant.
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